Bondar ef al. Nanoscale Research Letters 2014, 9:92 
http://www.nanoscalereslett.eom/content/9/l/92 



0 Nanoscale Research Letters 

a SpringerOpen Journal 



NANO EXPRESS Open Access 



Structure fragmentation in Fe-based alloys by 
nneans of cyclic nnartensitic transfornnations of 
different types 

Volodimir I Bondar, Vitalij le Danilchenko and levgenij M Dzevin 



Abstract 

The effect of martensite transformations of different types on the misorientation of austenite crystalline lattice, 
which characterizes the degree of structure fragmentation, was investigated for Fe-Ni and Fe-Mn alloys. As a 
result of multiple face-centered cubic (fc.c.)-body-centered cubic (b.c.c.)-fc.c. transformations, an austenite 
single-crystalline specimen is transformed in a polycrystalline one due to progressive fragmentation. It was shown 
that the degree of fragmentation depends on the magnitude of volume change and the density of dislocations 
generated on martensitic transformations. 
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Background 

Methods of producing nanostructured materials such as 
powder metallurgy, inert gas condensation, mechanical 
milling, melt quenching, or crystallization of an amorph- 
ous material have received much attention [1,2]. An- 
other approach for the preparation of highly dispersive 
materials is cyclic plastic deformation, which is viable 
for particular classes of metallic materials. 

The crystallographic orientation of initial austenite in 
Fe-based alloys is nonideally restored after reverse mar- 
tensite transformation [3]. This is associated with the in- 
complete reversibility of direct and reverse martensite 
transformations and an accumulation of dislocations in 
the reverted austenite [4,5]. Formation of structure de- 
fects on martensite transformations results in azimuthal 
tailing of diffraction reflections of single-crystalline sam- 
ples. From the magnitude of tailing and from the increase 
of the misorientation angle of crystal lattice regions after 
multiple martensitic transformations, one can deduce the 
capability of fragmentation and grain refinement of an 
austenite phase [4,6]. 

In Fe-based alloys, three types of martensitic transfor- 
mations are realized: y-a-y in Fe-Ni-based alloys with 
face-centered cubic (f.c.c.)-body-centered cubic (b.c.c.)-f. 
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c.c. structure rebuilding, y-e-y in Fe-Mn-based alloys 
with f.c.c.-hexagonal close-packed (h.c.p.)-f.c.c. trans- 
formation [7], and y-e'-y in Fe-Mn-based alloys with f.c. 
c.-18-layer rhombic (18R)-f.c.c. transformation [8,9]. It is 
shown experimentally that the restoration of the initial 
austenite structure after cyclic y-e-y and y-e -y transfor- 
mations turned out to be superior against that of alloys 
with y-a-y transformations. This regularity is based on 
the fact that the density of dislocations increases by 
more than 10 after cyclic y-a-y transformations con- 
nected with a high volume change - up to 3% to 4%, 
while it increases only by 10 after cyclic y-e-y transfor- 
mations (with a smaller volume change - up to approxi- 
mately 0.75%) and practically does not change after y-e'-y 
transformations (volume change - up to approximately 
0.5%) [4,7]. In the austenitic phase, additional subgrain 
boundaries can form under conditions of dislocation gen- 
eration by direct and reverse martensite transformations, 
for example, by means of wall formation by one-sign dis- 
locations. On account of these processes, the fragmented 
structure of reverted austenite is received. The process of 
structure fragmentation can be essentially different for al- 
loys with different types of martensitic transformations. 

In the present article, the effect of multiple martensitic 
transformations of different types is studied in Fe-Ni- 
and Fe-Mn-type alloys. The development of austenitic 
structure fragmentation and the capability of particular 



Springer 



© 2014 Bondar et al.; licensee Springer. This is an Open Access article distributed under the terms of the Creative Comnnons 
Attribution License (http;//creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and reproduction 
in any medium, provided the original work is properly credited. 



Bondar ef al. Nanoscale Research Letters 2014, 9:92 
http://www.nanoscalereslett.eom/content/9/l/92 



Page 2 of 5 



alloys to form highly dispersive structures due to the ac- 
cumulation of structure defects are elucidated. 

Methods 

The following alloys: Fe - 24.8 wt.%, Ni - 0.50 wt.%, C 
(alloy 1); Fe - 19.5 wt.%, Mn - 2 wt.%, Si (alloy 2); Fe - 
16.7 wt.%, Mn - 0.45 wt.%, C (alloy 3), and Fe - 15.2 wt. 
%, Mn - 0.32 wt.%, C (alloy 4), were chosen for the in- 
vestigation. All the alloys were melted in a furnace in 
purified argon. Single-crystalline samples (0 0.8 mm, 
L = 5 to 10 mm in size) for X-ray investigations in an 
RKV-86 (Moscow, USSR) rotational camera were cut 
out from large grains of the bar. All the alloys display an 
austenitic structure at room temperature after quench- 
ing from 1,000°C to 1,050°C in cold water. Direct y-a, 
y-e, and y-e ' martensitic transformations took place dur- 
ing cooling in liquid nitrogen but reverse a-y, e-y, and 
e'-y transformations during heating of quenched alloys 
in a saline bath at the rate of 60 K/s. The maximum mis- 
orientation angle y/ of the crystal lattice, which charac- 
terizes the degree of structure fragmentation, was found 
from azimuthal tailing of diffraction reflections compared 
to single-crystalline samples. The sizes of fragments were 
measured by electron microscopy (microscope PREM- 
200, Moscow, USSR). 

Results and discussion 

Y-a-y transformations 

X-ray studies of alloy 1 have shown that all the austenitic 
reflections present in the single-crystalline samples are 
washed out in the azimuthal direction after reverse a-y 
transformation. On the pole figure (homostereographic 
projection), the centers of all initial and reversed austen- 
itic reflections coincided at the region of measurement 
accuracy (1° to 2°). Azimuthal tailing of reflections mon- 
otonously increased with the increase of the quantity of 
transformation cycles (Figure 1A,B,C,D). At the same 
time, the angle tj/ of martensite was always less than that 
of austenite (Figure 2A,B). Debye lines on the X-ray pat- 
tern filled up in the azimuthal direction. Hence, the ro- 
tational X-ray pattern of single-crystalline samples after 
35 to 50 y-a-y transformations was the same as that of a 
textured polycrystalline sample. After 80 to 120 y-a-y 
cycles, the diffraction pattern displays practically con- 
tinuous lines of austenite. It indicates a practically full 
recrystallization of austenite and a transformation of the 
initial single crystalline into a polycrystalline sample. 
Different azimuthal tailing of the y and a phase reflec- 
tions qualify the different degrees of crystal lattice frag- 
mentation of the austenite and the martensite phase, 
respectively. 

Electron microscopic investigation has shown that in 
the process of thermocycling, subgrain boundaries were 
created in reversed austenite. These boundaries were 



formed by dislocations generated by repeated y-a and a- 
y transformations. At a certain stage, subgrain boundar- 
ies form the observed fragments in the initial austenite 
grains. After 10 to 20 cycles, the decomposition of the 
reflections into three to five components was observed 
(Figure IB) parallel with the progress of azimuthal tail- 
ing of reflections on the electron diffraction pattern that 
provide evidence for the formation of additional sub- 
grain boundaries at this stage. In reversed austenite, the 
fragment size decreased with increasing number of 
transformation cycles. After 30 cycles, the major fraction 
of fragments was in the range 0.2 to 0.8 |im. After 80 to 
100 cycles, the size of fragments reached the nanoscale 
level (about 100 nm). The structure of the boundaries of 
fragments exhibits a dislocation nature analogous to 
other grain boundaries after intensive plastic deform- 
ation [10-12]. 

Multiple thermocycling (>30 cycles) forced the forma- 
tion of reversed austenitic twins. The volume content of 
twins increased with the increasing number of y-a-y 
transformations owing to the accumulation of internal 
stresses in the y phase. 

Thus, the multiple thermocycling of alloy 1 with on- 
going direct y-a and reverse a-y martensite transforma- 
tions led to fragmentation of the initial austenite up to a 
nanoscale level (nanofragmentation). 

y-E-Y transformations 

The X-ray investigations of the iron-manganese single- 
crystalline samples of alloy 2 have shown that the initial 
orientation is nonideally restored as in the case of the 
iron-nickel alloys (alloy 1). However, it is considerably 
better recovered after y-e-y transformations in Fe-Mn al- 
loys than after y-a-y transformations in Fe-Ni alloys. 

The X-ray rotational and rocking patterns of the ther- 
mally cycled austenite of alloy 2 show the tailing of all 
diffraction reflections of the y and e phases (Figure IB). 
The misorientation angle increases much less than that 
for y-a-y transformations. Thus, after the first y-e-y 
cycle. If/ = 4°, but after 150 cycles, i// = 10° is reached, a 
magnitude which is almost achieved after the first y-a-y 
transformation in alloy 1. 

However, full recrystallization of the austenite of 
alloy 2 was not achieved by repeated y-e-y transforma- 
tions, and even after 1,000 cycles, only ij/< 17° was re- 
alized and the Debye lines on the X-ray patterns were 
not really continuous. It is important to note that the 
initial orientation of the austenite single-crystalline 
sample was restored and no new orientations appeared 
in this case. 

Misorientation as a result of precipitation hardening in 
the a-martensite of alloy 1 is much higher than that in 
the e-martensite of alloy 2, although for both cases, it is 
smaller than that for the corresponding austenite phases. 
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Y-£'-Y transformations 

The initial orientation of the austenite of alloy 3 was 
completely restored during these transformations. Azi- 
muthal tailing of the diffraction reflections of austen- 
ite increased only slightly with the number of cycles 
(Figure 3, curve 1), and even after 1,000 cycles, only y/< 
3.5° was reached. 

In alloy 4, where the y-e transformation was observed 
during quenching, the quantity of e-martensite is dimin- 
ished during -196°C 300°C cycles, and only y-e -y 
transformations are taking place after 20 to 30 cycles. 

Azimuthal tailing of the y-phase reflections was observed 
mainly within the first 10 cycles, during which y-e-y 



transformations proceed (Figure 3). The misorientation of 
austenite did not change during the subsequent y-e -y 
transformations. Thus, misorientation is constrained to 
(/'<7° if the number of y-e'-y transformations increased 
from 20 to 1,000, whereas y/=6° is already achieved after 
the first 10 cycles. 

A great quantity of chaotic packing defects (CPD) are 
generated in austenite during the process of y-e-y and 
y-e'-y martensitic transformations [7,13]. The role of 
CPD in the formation of additional subboundaries is not 
investigated here. In this connection, the change of CPD 
concentration at multiple martensitic transformations 
has been studied for the Fe-Mn-based alloys 2, 3, and 4. 
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Figure 2 Misorientation angle tf) of austenite (1) and martensite (2) in alloys 1 (A) and 2 (B). N, number of thermocycles. 
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Figure 3 Misorientation angle ip of the austenite of alloys 3 (1) 
and 4 (2). N, number of thermocycles. 



Conclusions 

The y-e-y and y-e'-y transformations in iron-manganese 
alloys resulted in a smaller increase of the misorienta- 
tion angle y/ than that for y-a-y transformations in the 
iron-nickel alloys. This is due to the smaller number of 
crystal structure defects generated by y-e-y transforma- 
tions. In fact, the dislocation density of the austenite 
increases by 3 orders of magnitude after the y-a-y 
transformation, but it is constrained to less than 1 
order of magnitude after the y-e-y transformation. The 
misorientation is changed to a still smaller amount dur- 
ing y-e'-y transformations. 

Thus, the sequence of the magnitude of the misorien- 
tation angle tj/ during martensitic transformations in 
iron-based alloys can be described as 



The concentration of CPD was measured by the relative 
displacement of austenitic (lll)y and (222)y reflections 
[14,15]. It is apparent that the concentration of CPD in 
alloy 3 (forming e ' -martensite) does not exceed 0.015 
(Figure 4). In this alloy, the austenitic lattice misorienta- 
tion is insignificant and not accumulated for multiple 
y-e'-y transformations (Figure 3). This means that a 
small CPD concentration does not lead to the formation 
of additional subgrain boundaries and to the fragmenta- 
tion of reversed austenite. In alloys 3 and 4, the concen- 
tration of CPD exceeds the magnitudes 0.022 and 0.025, 
respectively (Figure 4) and austenitic lattice misorienta- 
tion reached 17° and 6.5°, respectively (Figures 1 and 3). 
Obviously, starting from this CPD concentration, the 
disoriented fragments form in the microstructure of re- 
versed austenite. These results show that with the in- 
crease of CPD concentration in austenite, the ability to 
form disoriented fragments of its lattice increases. 
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Figure 4 Concentration of chaotic packing defects a as a 
function of the number of thermocycles W. 1 - alloy 2, 2 - alloy 3, 
3 - alloy 4. 



Accumulation of the dislocations at multiple f.c.c.-b.c. 
c.-f.c.c. martensite transformations in iron-nickel alloys 
led to full recrystallization of austenite due to the forma- 
tion of lattice fragments with significant mutual misori- 
entation and to a transformation of the single-crystalline 
sample into a polycrystalline one. 

Multiple f.c.c.-h.c.p.-f.c.c. martensite transformations 
in iron-manganese alloys, on the other hand, led to the 
formation of additional subgrain boundaries in austenite 
by accumulation of CPD up to a magnitude exceeding 
0.02. A full recrystallization of austenite at multiple f.c. 
c.-h.c.p.-f.c.c. and f c.c.-18R-f.c.c. transformations was 
never observed. 
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